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C LINICAL pathways incorporating multimodal analge-
sic regimens including regional anesthetic techniques are 

widely used for patients undergoing total knee arthroplasty.1–5 
Oral analgesics, local anesthetic adjuvants, peripheral nerve 
blockade, and periarticular injection (also known as local infil-
tration analgesia) are a few of the commonly employed modal-
ities.6,7 When incorporated into a comprehensive clinical 
pathway, these pain management techniques have been shown 
to improve perioperative outcomes including improved patient 
comfort, a reduction in hospital length of stay, enhanced 
patient satisfaction, and an earlier return to work and recre-
ational activities.2,8 However, the optimal components of this 
multimodal approach and the role of regional techniques in 
improved perioperative outcomes remain unknown.

What We Already Know about This Topic

• Multimodal analgesia provides very good pain relief for patients 
after total knee arthroplasty

• Peripheral nerve blocks and periarticular injections of local 
anesthetic are commonly used components of multimodal 
analgesic strategies

What This Article Tells Us That Is New

• In a three-arm randomized trial involving 165 adult knee arthroplasty 
patients, femoral and sciatic nerve blocks, ropivacaine-based 
periarticular injection, and liposomal bupivacaine-based periarticular 
injection all provided good analgesia

• The peripheral nerve block strategy provided some advantages 
in terms of pain relief and opioid sparing at early time points 
after surgery
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ABSTRACT

Background: Multimodal analgesia is standard practice for total knee arthroplasty; however, the role of regional techniques in 
improved perioperative outcomes remains unknown. The authors hypothesized that peripheral nerve blockade would result in 
lower pain scores and opioid consumption than two competing periarticular injection solutions.
Methods: This three-arm, nonblinded trial randomized 165 adults undergoing unilateral primary total knee arthroplasty to receive 
(1) femoral catheter plus sciatic nerve blocks, (2) ropivacaine-based periarticular injection, or (3) liposomal bupivacaine-based periar-
ticular injection. Primary outcome was maximal pain during postoperative day 1 (0 to 10, numerical pain rating scale) in intention-
to-treat analysis. Additional outcomes included pain scores and opioid consumption for postoperative days 0 to 2 and 3 months.
Results: One hundred fifty-seven study patients received peripheral nerve block (n = 50), ropivacaine (n = 55), or liposomal 
bupivacaine (n = 52) and reported median maximal pain scores on postoperative day 1 of 3, 4, and 4.5 and on postoperative 
day 0 of 1, 4, and 5, respectively (average pain scores for postoperative day 0: 0.6, 1.7, and 2.4 and postoperative day 1: 2.5, 3.5, 
and 3.7). Postoperative day 1 median maximal pain scores were significantly lower for peripheral nerve blockade compared to 
liposomal bupivacaine-based periarticular injection (P = 0.016; Hodges–Lehmann median difference [95% CI] = −1 [−2 to 0]). 
After postanesthesia care unit discharge, postoperative day 0 median maximal and average pain scores were significantly lower for 
peripheral nerve block compared to both periarticular injections (ropivacaine: maximal −2 [−3 to −1]; P < 0.001; average −0.8 
[−1.3 to −0.2]; P = 0.003; and liposomal bupivacaine: maximal −3 [−4 to −2]; P < 0.001; average −1.4 [−2.0 to −0.8]; P < 0.001).
Conclusions: Ropivacaine-based periarticular injections provide pain control comparable on postoperative days 1 and 2 to 
a femoral catheter and single-injection sciatic nerve block. This study did not demonstrate an advantage of liposomal bupi-
vacaine over ropivacaine in periarticular injections for total knee arthroplasty. (Anesthesiology 2017; XXX:00-00)
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Nerve Blocks or Joint Shots for Knee Arthroplasty

Advanced pain management techniques are associ-
ated with a unique set of risks and benefits. For example, 
although a femoral and sciatic nerve block would provide 
complete postoperative analgesia after a total knee arthro-
plasty, these techniques may be associated with perioperative 
nerve injury, prolonged dysesthesias, motor weakness, nerve 
catheter dislodgement, or bleeding and infectious compli-
cations.9,10 In contrast, the use of periarticular infiltration 
may minimize concerns related to nerve injury, dysesthesias, 
and motor weakness but at the potential expense of inferior 
analgesia when compared to peripheral nerve blockade.6,7,11

Due to the quadriceps weakness associated with femoral 
nerve blockade and alternative pain management techniques 
preserving motor function,12–15 several alternative analgesic 
practices, including adductor canal block,16 saphenous nerve 
block,17 selective tibial nerve block,18 as well as periarticular 
injection techniques,19 have been introduced into modern 
clinical pathways. Further adding to the vast amount of vari-
ation in practice, a new formulation of local anesthetic, lipo-
somal bupivacaine, is now widely available and is approved 
for wound infiltration.20,21 This liposomal formulation has 
been detected in serum samples beyond 72 h22 but has not 
yet been demonstrated to be clinically superior to nonencap-
sulated forms of local anesthetic for periarticular injections.21

Prospective clinical trials comparing these analgesic 
modalities to one another are lacking, resulting in a signifi-
cant knowledge gap and inability to determine which pain 
management technique is best suited for patients undergo-
ing primary total knee arthroplasty. Therefore, the goal of the 
current study was to compare pain control and long-term 
pain outcomes between a combination of peripheral nerve 
blocks (femoral nerve catheter and single-injection sciatic 
nerve block) and two different solutions for periarticular 
injections (ropivacaine-based or liposomal bupivacaine-based 
local anesthetic solutions). We hypothesized that when incor-
porated into a comprehensive multimodal analgesic pathway 
for patients undergoing total knee arthroplasty, peripheral 
nerve blockade including continuous femoral nerve plus 
single-injection sciatic nerve blockade would result in lower 
postoperative pain scores and lower consumption of opi-
oid medications compared to periarticular injections using 
 ropivacaine- or liposomal bupivacaine-based solutions.

Materials and Methods

Study Design and Patient Enrollment
This study was approved by the Institutional Review Board 
(14-002083) of Mayo Clinic, Rochester, Minnesota; written 
informed consent was obtained from all subjects, and the 
study was posted on clinicaltrials.gov (NCT02223364, July 
29, 2014) before patient enrollment. The full protocol of 
the study is available upon request. We conducted a three-
arm, parallel, outcome adjudicator-blinded, superiority, 
 randomized-controlled clinical trial in adult patients under-
going elective, unilateral primary total knee arthroplasty 

from October 2014 to December 2015 at a single site. This 
study manuscript was compiled in accordance with the Con-
solidated Standards of Reporting Trials guidelines.23,24

All consecutive American Society of Anesthesiologists 
(ASA) physical classification I to III (older than or equal to 
18 yr) patients undergoing an elective, unilateral primary total 
knee arthroplasty were assessed for eligibility by trained study 
coordinators, and those meeting inclusion and exclusion crite-
ria were randomized to one of three interventions (fig. 1): (1) 
continuous femoral nerve catheter plus single-injection proxi-
mal sciatic nerve block; (2) periarticular injection with ropi-
vacaine mixture; or (3) periarticular injection with liposomal 
bupivacaine mixture. We excluded patients with documented 
chronic pain syndromes, history of long-term use of daily opi-
oids (more than 1 month) with oral morphine equivalent of 
greater than 5 mg/day, body mass index greater than 40 kg/
m2, allergies to study medications, impaired cognitive func-
tion, contraindication to regional anesthesia, major systemic 
illnesses such as severe renal (estimated glomerular filtration 
rate less than 50 ml/min), cardiac (congestive heart failure New 
York Heart Association class III to IV), or severe hepatic dis-
order defined as current or past diagnosis of acute/subacute 
liver necrosis, acute hepatic failure, chronic liver disease, liver 
abscess, hepatic coma, hepatorenal syndrome, and other dis-
orders of the liver. After enrollment of 40 study participants, 
to increase enrollment numbers, the authors of this study 
requested and received institutional review board’s approval to 
modify the protocol to (1) allow short-term acute use of daily 
opioids (oral morphine equivalents less than or equal to 30 mg/
day for less than 1 month) and (2) increase the body mass index 
threshold from greater than 40 to greater than 45 kg/m2 to bet-
ter reflect our patient population. Potential study participants 
were identified from individual surgeons’ registration lists in 
advance of the surgical date. During the preoperative clinic 
visit, a study coordinator interviewed eligible patients, com-
pleted the informed consent, and enrolled the patient for study 
participation. Upon enrollment, study patients were assigned 
the available study number. A randomization schedule that 
documented the randomized treatment allocation for each 
study number was used by our Anesthesia Clinical Research 
Unit to assign each patient to a study arm. The computer- 
generated randomization schedule was prepared by our statisti-
cian using blocks of six to ensure that after every sixth patient 
was enrolled, an equal number of patients would be assigned to 
each treatment group. The randomization was concealed from 
the investigators through central randomization. To avoid loss 
of concealment, the group to which the patient was allocated 
could only be accessed after registration for surgery. Patients, 
healthcare providers, or data collectors were not masked to 
group allocation. However, outcome adjudicators were blinded 
to the prospectively collected data.

Anesthetic and Surgical Technique
Following the Multimodal Analgesia Total Joint Pathway 
(fig. 2), all study patients were provided a combination of 
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oral analgesic medications preoperatively regardless of group 
allocation consisting of immediate or controlled-release 
oxycodone, celecoxib, and acetaminophen, unless contrain-
dicated. Intraoperative management included the primary 
anesthesia type, intraoperative monitoring (other than stan-
dard ASA monitoring), and supplemental analgesia, and 
antiemetic medications were administered at the discre-
tion of the attending anesthesiologist. A spinal anesthetic 
was recommended, but not required, and did not contain 
an opioid medication. Unless contraindicated, all patients 
received 4 mg intravenous dexamethasone intraoperatively. 
All patients received a posterior stabilized total knee arthro-
plasty through a medial parapatellar approach, and all pro-
cedures were performed by high-volume, lower-extremity 
arthroplasty surgeons at the Mayo Clinic Hospital, Method-
ist Campus in Rochester, Minnesota.

Peripheral Nerve Block Group
All peripheral nerve blocks were placed before induction of 
anesthesia. After intravenous access was obtained, patients 
were monitored and sedated with intravenous midazolam 
(1  to 4 mg) and fentanyl (50 to 200 μg). Regional blocks 

were placed by either anesthesiologists with significant 
regional anesthesia experience or resident/fellow trainees 
under direct supervision of regional anesthesia experts.

The ultrasound-guided femoral nerve block was placed 
with the patient in the supine position. After sterile skin 
preparation with chlorhexidine and then draping, a linear 
probe with a frequency ranging from 13–6 MHz ultrasound 
transducer (M-Turbo® or X-Porte®, SonoSite Inc., USA) was 
placed on the inguinal crease. The femoral nerve was sono-
graphically identified lateral to the femoral artery. The skin 
was infiltrated with 1% lidocaine, and an in-plane (lateral to 
medial) or out-of-plane (caudal to cranial) short-axis needle 
approach to the femoral nerve occurred with an 18-gauge 
2- or 4-inch Contiplex® Tuohy (B. Braun, USA) nonstim-
ulating catheter system. A peripheral nerve stimulator was 
used in addition to ultrasound guidance at the discretion 
of the anesthesiologist. The catheter was placed adjacent to 
the nerve, and local anesthetic spread was visualized using 
ultrasound guidance around the femoral nerve. The sciatic 
nerve block was placed using nerve stimulation via the clas-
sic posterior or subgluteal approach.25 The local anesthetic 
solutions used for each block are displayed in figure 1. A 

Fig. 1. Total knee arthroplasty intervention group. *Diluted with saline to make a total volume of 120 ml. PACU = postanesthesia 
care unit; PAI-L = periarticular injection liposomal bupivacaine; PAI-R = periarticular injection ropivacaine; PNB = peripheral 
nerve block.
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10-ml bolus of 0.2% bupivacaine was administered to the 
femoral nerve catheter again in the postanesthesia care unit 
(PACU), and an infusion of 0.2% bupivacaine at 10 ml/h 
was initiated. At 5:00 AM the day after surgery, the infusion 
was changed to 0.1% bupivacaine at 10 ml/h. This infu-
sion was continued until postoperative day (POD) 2 when 
the infusion and catheter were discontinued at or slightly 
before 6:00 AM. Quadriceps motor strength (0 = absent or 
diminished; 1 = at baseline) and sensory exam (0 = sensa-
tion to pinprick of anterior thigh diminished or absent; 1 
= sensation to pinprick of anterior thigh normal) and foot 
dorsiflexion motor strength (0 = absent or diminished; 1 = at 
baseline) and sensory exam (0 = sensation to pinprick of the 
plantar surface was absent or diminished; 1 = sensation to 
pinprick of the plantar surface at baseline) were assessed pre-
operatively (at least 30 min after the placement of the block), 
if time permitted, postoperatively in the recovery room, 
or on the hospital ward the day of surgery after the spinal 
anesthetic had regressed sufficiently. A successful block was 
defined as having a rating of 0 in either sensory or motor 
exam for both the femoral and sciatic nerve distribution.

Ropivacaine and Liposomal Bupivacaine Periarticular 
Injection Groups
Patients in the periarticular injection groups received either 
a weight-based periarticular injection solution with ropiva-
caine or a standardized-dose periarticular injection solution 

with liposomal bupivacaine by our surgical colleagues 
(fig.  1). The method of periarticular injection for patients 
in the ropivacaine and liposomal bupivacaine groups was 
performed in a consistent manner. Before cementation, the 
posterior capsule was injected with approximately 30-ml 
injectate solution through multiple capsular punctures 
beginning medial to the midline of the posterior capsule and 
proceeding further medially. This method minimizes the risk 
of postoperative peroneal nerve dysfunction with injection of 
the solution into the posterolateral capsule.26 Of note, aspi-
ration was completed before injecting the posterior capsule 
to minimize the likelihood that the needle was in the popli-
teal vessels.26 The synovium overlying the distal femur medi-
ally, laterally, and in the suprapatellar pouch was injected 
with approximately 30 ml, and then 30 ml was injected in a 
systematic fashion into the arthrotomy including the medial 
and lateral retinaculum.19,27 The final 30-ml injectate solu-
tion was injected into the subcutaneous tissue.27

Postoperative Management
Postoperatively, all participants were transferred to the 
PACU and were managed similarly regardless of group allo-
cation. Patient requests for additional analgesics were at the 
discretion of the anesthesiologist in the PACU. Oral and/or 
intravenous analgesics on the ward and after discharge were 
at the discretion of the orthopedic surgical service (fig. 2). 
The peripheral nerve catheters were managed by the acute 

Fig. 2. Multimodal analgesia total joint pathway. *Preoperative holding area, intraoperative, and postanesthesia care unit (PACU) 
medication administration is at the discretion of the anesthesiologist. Floor care medication administration is at the discretion of 
the orthopedic surgical team. The medications listed are the recommended analgesic options for each patient. All pain scores 
listed refer to the numeric rating scale (0 to 10). GFR = glomerular filtration rate; IR = immediate release; IV, intravenous; PO = 
per os; PRN = pro re nata (as necessary).
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pain service, which provides 24-h in-hospital coverage with 
daily morning rounds.

Primary and Secondary Outcomes
The primary outcome was median maximal pain score dur-
ing the first postoperative morning 6:00 AM to 12:00 PM 
measured on a 0 to 10 numeric pain rating scale (NRS) by 
orthopedic nursing personnel. Additional NRS pain scores 
were measured in the recovery room and then per orthopedic 
floor nursing protocol that includes an assessment within 1 h 
of patient arrival and then every 4 h. Additional pain assess-
ments occur 1 h after oral pain medicine was administered 
or within 5 min if intravenous pain medicine was given. Pain 
scores were collected for a minimum of 48 h and a maximum 
of 96 h from the time of the initial assessment in the recovery 
room unless the patient was discharged from the hospital. 
All pain assessments were collected based on routine clinical 
documentation by each speciality.

Additional outcome measures included opioid consump-
tion during hospitalization in daily oral morphine equiva-
lents documented by either anesthesia or the orthopedic 
nursing staff, balance testing using unipedal stance time 
preoperatively and by phone interview 12 to 16 weeks from 
the date of surgery, length of hospital stay, and chronic pain 
assessments reported at 12 to 16 weeks. Complications or 
adverse events such as patient falls, nerve injury, surgical 
infection, or unanticipated intensive care unit admission 
were also noted. To measure clinical balance, unipedal stance 
time was collected by our trained study coordinators within 
1 week preoperatively and by phone interview 12 to 16 
weeks from the date of surgery. Timing for unipedal stance 
time (in seconds) began upon withdrawal of support and 
continued until the uplifted foot returned to the floor, the 
patient required support, or the patient reached a time limit 
of 30 s (maximum 30 s).28 The best performance of three rep-
etitions was recorded for each limb.

Health-related quality of life was collected by our study 
coordinators using the Medical Outcomes Study 36-Item 
Short-Form questionnaire including assessments for physi-
cal functioning, role functioning-physical, bodily pain, 
general health, energy, social functioning, role functioning-
emotional, and mental health.29 Patients were instructed 
on the 36-Item Short-Form by study coordinators during 
the preoperative visit, and information was collected both 
preoperatively and postoperatively by phone interview 12 
to 16 weeks from the date of surgery. For patients report-
ing surgery-related pain greater than 3 on the NRS at the 
3-month postoperative visit, a Leeds Assessment of Neuro-
pathic Symptoms and Signs (LANSS)30 was completed by 
study coordinators.

Sample Size/Statistical Power Considerations
The sample size for this three-arm trial was determined for 
the primary endpoint of maximal pain during the first post-
operative morning measured using a 0 to 10 NRS pain scale. 

For this endpoint, a pain score difference between groups of 
2 or larger was considered clinically relevant, and to control 
for multiple comparisons, we specified a priori that pairwise 
comparisons would be performed with P < 0.017 (i.e., Bon-
ferroni corrections) used to denote statistical significance. 
Based on the data from our own clinical practice and the ret-
rospective study by Perlas et al.,31 the primary endpoint SD 
was assumed to be approximately 3.0. Under this assump-
tion, we determined that a sample size of n = 50 per group 
would provide statistical power (two-tailed, α = 0.017) of 
approximately 80% to detect a clinically relevant difference 
between groups for the primary endpoint. For the second-
ary outcome of opioid requirements, sample size estimates 
were also considered. Spangehl et al.19 reported in total 
knee arthroplasty patients mean ± SD morphine equivalents 
on day 1 of 43 ± 29 mg for peripheral nerve blockade and 
49 ± 29 mg for periarticular injection. Under the assumption 
that the SD is 30 mg, a sample size of n = 50 per group 
would also provide statistical power (two-tailed, α = 0.017) 
of 80% to detect a difference between groups of 20 mg. To 
account for up to 10% attrition due to canceled surgery or 
late patient ineligibility reasons, a sample size of n = 165 (55 
per group) was selected.

Data Analysis
Data are presented using mean ± SD or median (25th, 75th 
percentiles) for continuous variables and frequency counts 
and percentages for nominal variables. For the primary end-
point of maximal pain during the first postoperative morn-
ing and secondary endpoints including average and maximal 
NRS pain scores and opioid requirements through POD 2, 
pairwise treatment group comparisons were performed using 
the rank sum test. For these outcomes, two-tailed P < 0.017 
was considered statistically significant. To supplement the 
results of the rank sum test, the point estimate and 95% 
CI for Hodges–Lehmann median difference is presented for 
each of the pairwise comparisons. Other hospital outcomes 
were compared across all three groups; the Kruskal–Wallis 
test was used for hospital length of stay and Fisher exact test 
for adverse events and the use of rescue IV opioids. The men-
tal and physical composite scores from the 36-Item Short-
Form were calculated at baseline and 3 months. For these 
endpoints, within the group allocation, differences (baseline 
vs. 3 months) were assessed using the paired t test, while 
comparing between the allocated groups, differences were 
assessed using ANOVA. Since data for the unipedal stance 
time are censored at 30 s, data from baseline and 3 months 
were compared using proportional hazards regression with 
subject included as a random effect to take into account the 
repeated measurements within subjects. Other outcomes 
collected at 3 months were compared across groups using 
the Kruskal–Wallis test for continuous variables and Fisher 
exact test for nominal variables. Due to larger than expected 
baseline imbalance across groups, post hoc analyses were per-
formed for the primary endpoint of maximal pain during 
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the first postoperative morning to assess differences between 
treatment group after adjusting for sex, ASA status, and 
type of anesthesia. The analyses were performed using lin-
ear regression with treatment group as the explanatory vari-
able of interest and sex (male vs. female), ASA status (I/II vs. 
III), and type of anesthesia (general vs. regional) included as 
covariates. For these models, quantile—quantile plots of the 
residuals were reviewed to assess normality. In all cases, two-
tailed P values are reported with no adjustments for multiple 
comparisons. Analyses were performed using SAS version 
9.3 (SAS Institute Inc, USA).

Results
Between November 2014 and December 2015, 165 patients 
undergoing elective, unilateral primary total knee arthro-
plasty were randomized to one of the three interventions 
(n = 55 each). Figure 3 shows the study flow following Con-
solidated Standards of Reporting Trials guidelines.22,23 Of the 
165 patients randomized, two blocks failed in the peripheral 
nerve block group, and 9 patients did not receive the allocated 

treatment. A blinded three-person adjudication committee, 
unaware of treatment or outcome, was formed to evaluate 
why the nine cases did not receive their allocated treatment 
and determine whether the patient should have been enrolled 
based on inclusion and exclusion criteria.32 A majority decision 
between the three committee members determined that eight 
of the patients were incorrectly enrolled because of an unantici-
pated change in their exclusion criteria (fig. 3). The committee 
found that one patient should be included in data analysis for 
intention to treat. After randomization, this patient’s original 
surgery date was rescheduled, which resulted in missed enroll-
ment, with another surgeon not involved in the study. Of note, 
the patient received similar techniques for his multimodal anal-
gesic management. Therefore, the final study sample includes 
157 patients (50 patients in the peripheral nerve block group, 
55 in the ropivacaine periarticular injection group, and 52 in 
the liposomal bupivacaine periarticular injection group). Base-
line patient characteristics are presented in table 1.

Postoperative pain scores are summarized in table 2. 
On POD 0, after discharge from the PACU, maximal and 

Fig. 3. Consort flow diagram. Study modifications: *exclusion criteria—body mass index threshold increased from 40 to 45 kg/m2; 
**exclusion criteria—change in preexisting chronic opioid medication dose threshold; ***follow-up—addition of telephone follow-
up encounter. GFR = glomerular filtration rate; ITT = intention to treat.
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average pain scores were statistically significantly lower for 
the peripheral nerve block group compared to the ropiva-
caine periarticular injection group (P < 0.001, Hodges–
Lehmann median difference [95% CI] = −2 [−3 to −1] for 
maximal pain; P = 0.003, −0.8 [−1.3 to −0.2] for average 
pain) and liposomal bupivacaine periarticular injection group 
(P < 0.001, −3 [−4 to −2] for maximal pain; P < 0.001, −1.4 
[−2.0 to −0.8] for average pain). Our primary outcome 

measure of maximal pain measured on POD 1 6:00 AM to 
12:00 PM showed a statistically significant difference with 
lower pain scores for patients in the peripheral nerve block 
group compared to the liposomal bupivacaine periarticular 
injection group (Hodges–Lehmann median difference [95% 
CI] = −1 [−2 to 0]; P = 0.016); however, no significant dif-
ference was seen between the peripheral nerve block and 
ropivacaine groups (−1 [−2 to 0]; P = 0.144) and the ropi-
vacaine and liposomal bupivacaine groups (−0.5 [−1 to 0]; 
P = 0.196). Since baseline group differences were larger than 
expected, post hoc multivariable analyses were performed for 
the primary endpoint (maximal pain on POD 1, 6:00 AM to 
12:00 PM) to assess differences between treatment groups after 
adjusting for sex, ASA status, and type of anesthesia. In all 
cases, the results from the adjusted analyses were similar to 
those obtained from the primary analysis (peripheral nerve 
block vs. ropivacaine periarticular: estimated mean difference 
[95% CI] = −0.4 [−1.4 to +0.6], P = 0.454; peripheral nerve 
block vs. liposomal bupivacaine periarticular: −1.1 [−2.0 to 
−0.1], P = 0.033; and ropivacaine periarticular vs. liposomal 
bupivacaine periarticular: −0.7 [−1.6 to +0.2], P = 0.120).

POD 1 average pain scores were significantly lower 
for the peripheral nerve block group versus the liposo-
mal bupivacaine periarticular injection group (Hodges–-
Lehmann median difference [95% CI] = −1.0 [−1.7  
to −0.3]; P = 0.005), but again differences were not statisti-
cally significant between the peripheral nerve block group 
and the ropivacaine periarticular injection group (−0.7 [−1.4 

Table 1. Patient and Procedural Characteristics

Characteristics
PNB  

(n = 50)

Ropivacaine  
(PAI-R)  
(n = 55)

Liposomal  
Bupivacaine  

(PAI-L)  
(n = 52)

Age, yr 67 ± 9 68 ± 8 67 ± 8
Sex, n (%)    
    Male 25 (50) 21 (38) 25 (48)
    Female 25 (50) 34 (62) 27 (52)
Body mass index, kg/m2 30.8 ± 6.0 30.3 ± 4.7 31.4 ± 5.6
ASA status, n (%)    
    I/II 36 (72) 48 (87) 45 (87)
    III 14 (28) 7 (13) 7 (13)
Type of anesthetic, n (%)    
    General 14 (28) 8 (15) 14 (27)
    Spinal 36 (72) 47 (85) 38 (73)
Duration of surgery, min 84 ± 18 87 ± 18 88 ± 24

ASA = American Society of Anesthesiologists; PAI-L = periarticular injec-
tion liposomal bupivacaine; PAI-R = periarticular injection ropivacaine; 
PNB, peripheral nerve block.

Table 2. Postoperative Pain*

Pain Assessment
PNB  

(n = 50†)

Ropivacaine 
(PAI-R)  

(n = 55†)

Liposomal 
Bupivacaine 

(PAI-L)  
(n = 52†)

Pairwise Comparisons‡

PNB vs. PAI-R 
 Estimate (95% CI)

P Value

PNB vs. PAI-L 
 Estimate (95% CI)

P Value

PAI-R vs. PAI-L 
Estimate (95% CI)

P Value

Primary endpoints       
    POD 1 (06:00–12:00) 

maximum pain
3 (1, 6) 4 (2, 6) 4.5 (3, 6) −1 (−2 to 0)

0.144
−1 (−2 to 0)

0.016
−0.5 (−1 to 0)

0.196
Secondary endpoints       
    POD 0, post-PACU       
     Average 0.6 (0.0, 2.2) 1.7 (0.9, 2.5) 2.4 (1.1, 3.6) −0.8 (−1.3 to −0.2)

0.003
−1.4 (−2.0 to −0.8)

< 0.001
−0.6 (−1.1 to −0.1)

0.021
     Maximum 1 (0, 4) 4 (2, 6) 5 (3, 6) −2 (−3 to −1)

< 0.001
−3 (−4 to −2)

< 0.001
−0.5, (−1 to 0)

0.257
    POD 1       
     Average 2.5 (1.2, 4.2) 3.5 (2.5, 4.4) 3.7 (2.9, 4.6) −0.7 (−1.4 to 0.0)

0.059
−1.0 (−1.7 to −0.3)

0.005
−0.3 (−0.9 to 0.2)

0.214
     Maximum 5.5 (3, 7) 6 (5, 7) 6 (5, 8) −1 (−2 to 0)

0.189
−1 (−2 to 0)

0.043
−0.5 (−1 to 0)

0.357
    POD 2       
     Average 3.3 (2.0, 4.2) 3.2 (2.4, 4.0) 3.5 (2.8, 4.3) 0.6 (−0.4 to 1.7)

0.958
−0.4 (−1.0 to 0.2)

0.203
−0.4 (−0.9 to 0.1)

0.132
     Maximum 5 (3, 7) 6 (4, 7) 6 (5, 7) 0 (−1 to 1) 0.493 −1 (2 to 0)

0.299
0 (−1 to 1)

0.797

*Data are presented as median (25th, 75th). †For postoperative day 2, data are missing for five subjects (one peripheral nerve block, one periarticular injec-
tion ropivacaine, three periarticular injection liposomal bupivacaine). ‡Pairwise treatment comparisons were performed using nonparametric methods with 
results summarized by presenting the point estimate (95% CI) for Hodges–Lehmann median difference and the P value for the rank sum test.
PACU = postanesthesia care unit; PAI-L = periarticular injection liposomal bupivacaine; PAI-R = periarticular injection ropivacaine; PNB = peripheral nerve 
block; POD = postoperative day.
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to +0.0]; P = 0.059) and the ropivacaine versus the liposo-
mal bupivacaine periarticular injection groups (−0.3, [−0.9 
to +0.2]; P = 0.214). On POD 2, no significant differences 
were detected in pain scores across all groups. The only time 
period in which the estimated median difference between 
groups represented a clinically significant difference (NRS 
pain score difference greater than or equal to 2) was maximal 
pain on POD 0 between the peripheral nerve block group 
and both periarticular injection groups.

Opioid consumption was less on POD 0 in the peripheral 
nerve block group compared to the periarticular injection 
groups (ropivacaine: P = 0.012, Hodges–Lehmann median 
difference [95% CI] = −4 [−8 to 0] mg oral morphine equiv-
alents; liposomal bupivacaine: P < 0.001, −8 [−15 to 0] mg 
oral morphine equivalents; table 3). On POD 1, this reduc-
tion was only statistically significant for the peripheral nerve 
block group compared to the liposomal bupivacaine peri-
articular injection group (P = 0.007; −19 [−31 to −8] mg 
oral morphine equivalents). Consistent with differences in 
pain scores, the need for rescue intravenous opioid analge-
sics during the hospital stay was different across groups, with 
higher use of rescue analgesia in the liposomal bupivacaine 
periarticular injection group compared to the ropivacaine 
periarticular injection and peripheral nerve block groups (P 
= 0.004; liposomal bupivacaine group [n = 8]; ropivacaine 
group [n = 0]; peripheral nerve block group [n = 2]; table 4).

Additional hospital outcomes are summarized in tables 3 
and 4; month outcomes are summarized in table 5. Overall, 
the frequency of adverse outcomes during the hospital stay 
and by 3 months postoperatively was low. Four patients fell 
during the study time period (3 months): two in the periph-
eral nerve block group fell during their hospital stay; and 
one in the ropivacaine periarticular injection group and one 

in the liposomal bupivacaine periarticular injection group 
fell after hospital discharge. Six patients, two in each group, 
experienced a superficial wound infection that required 
treatment with antibiotics. At 3-month follow-up, 36-Item 
Short-Form physical composite scores showed an improve-
ment from baseline in all groups (table 5). The change from 
baseline to 3 months in unipedal stance time did not differ 
significantly across groups (group-by-time interaction, P = 
0.102); however, the ropivacaine (P = 0.001) and liposo-
mal bupivacaine (P = 0.048) periarticular injection groups 
showed an improvement from baseline while no evidence of 
improvement was seen for the peripheral nerve block group 
(P = 0.623).

Discussion
The combination of a femoral nerve catheter and single-
injection sciatic block as part of a multimodal total joint 
pathway provides excellent, potentially complete analgesia 
after total knee arthroplasty.33 Whether this is the ideal anal-
gesic regimen remains a source of debate. This is the first 
randomized clinical trial that compares peripheral nerve 
blockade to two distinct periarticular injections, one with a 
ropivacaine mixture and the other with a liposomal bupiva-
caine mixture. All three analgesic modalities provided clini-
cally satisfactory analgesia (average NRS < 4). The peripheral 
nerve block group had statistically significantly better aver-
age and maximal pain scores with less opioid use compared 
to the ropivacaine periarticular injection group in the imme-
diate postoperative time period (POD 0). In addition, the 
peripheral nerve block group had statistically lower average 
pain scores than the liposomal bupivacaine periarticular 
injection group on POD 0 and 1, while no statistical dif-
ferences were seen when comparing the two periarticular 

Table 3. Opioid Use*

Pain Assessment
PNB  

(n = 50†)

Ropivacaine 
(PAI-R)  

(n = 55†)

Liposomal  
Bupivacaine 

(PAI-L)  
(n = 52†)

Pairwise Comparisons‡

PNB vs. PAI-R 
Estimate (95% CI)

P Value

PNB vs. PAI-L 
Estimate  
(95% CI)
P Value

PAI-R vs. PAI-L 
Estimate  
(95% CI)
P Value

Preoperative, mg OME 15 (0, 15) 15 (0, 15) 15 (0, 15) 0 (0 to 0)
0.571

0 (0 to 0)
0.991

0 [0 to 0]
0.496

Intraoperative, mg OME 10 (5, 15) 10 (5, 15) 10 (7, 20) 1 (0 to 3)
0.807

−3 (−5 to 0)
0.171

−3 (−5 to 0)
0.104

PACU, mg OME 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0 to 0)
0.454

0 (0 to 0)
0.475

0 (0 to 0)
0.134

POD 0 post-PACU, mg OME 0 (0, 15) 8 (0, 30) 15 (0, 30) −4 (−8 to 0)
0.012

−8 (−15 to 0)
< 0.001

−4 (−8 to 0)
0.293

POD 1, mg OME 26 (0, 53) 38 (15, 53) 45 (15, 82) −11 (−23 to 0)
0.202

−19 (−31 to −8)
0.007

−14 (−30 to 2)
0.148

POD 2, mg OME 23 (0, 38) 15 (0, 38) 23 (15, 45) 0 (−8 to 8)
0.933

−8 (−15 to 0)
0.169

−8 (−15 to 0)
0.126

*Data are presented as median (25th, 75th). †For POD 2, data are missing for five subjects (one PNB, one periarticular injection ropivacaine, three peri-
articular injection liposomal bupivacaine). ‡Pairwise treatment comparisons were performed using nonparametric methods with results summarized by 
presenting the point estimate (95% CI) for Hodges–Lehmann median difference and the P value for the rank sum test.
OME = oral morphine equivalents; PACU = postanesthesia care unit; PAI-L = periarticular injection liposomal bupivacaine; PAI-R = periarticular injection 
ropivacaine; PNB, peripheral nerve block; POD = postoperative day.
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injection solutions (ropivacaine and liposomal bupivacaine). 
Despite the statistical differences in pain scores that were 
detected in this study, these findings may not be clinically 
meaningful as an estimated median difference in NRS pain 

score of greater than 2 was only observed for maximal pain at 
one time point (POD 0) favoring the peripheral nerve block 
group more than the ropivacaine periarticular injection 
and liposomal bupivacaine periarticular injection groups. 

Table 4. Hospital Outcomes*

Characteristics PNB (n = 50)
Ropivacaine  

(PAI-R) (n = 55)
Liposomal Bupivacaine  

(PAI-L) (n = 52) P Value*

Hospital LOS, days 2 (2, 3) 2 (2, 3) 2 (2, 3) 0.768
Any rescue IV opioid 2 (4) 0 (0) 8 (15) 0.004
Any adverse events 2 (4) 1 (2) 1 (2) 0.732
    Fall 2 0 0  
    Nerve injury 0 0 0  
    Infection 0 0 0  
    ICU admission 0 0 0  
    Rapid response team 0 1 1  
    Additional surgery 1 0 0  
    Death 0 0 0  

*Hospital LOS is presented as median (25th, 75th) and compared across groups using the Kruskal–Wallis test. Other outcomes are compared across groups 
using Fisher exact test.
ICU = intensive care unit; IV = intravenous; LOS = length of stay; PAI-L = periarticular injection liposomal bupivacaine; PAI-R = periarticular injection ropiv-
acaine; PNB = peripheral nerve block.

Table 5. Three Month Outcomes

Characteristics PNB (n = *)
Ropivacaine (PAI-R) 

(n = *)
Liposomal Bupivacaine (PAI-L) 

(n = *) P Value†

SF-36 Physical Composite Scale     
    Baseline 31.6 ± 8.2 30.5 ± 8.0 33.6 ± 8.1 0.169
    Follow-up 39.2 ± 9.9 42.0 ± 9.9 42.5 ± 9.8 0.218
    Delta 7.6 ± 10.9 11.4 ± 10.2 9.0 ± 11.6 0.211
    P value (baseline vs. 3 months) < 0.001 < 0.001 < 0.001  
SF-36 Mental Composite Scale     
    Baseline 56.8 ± 7.9 59.7 ± 7.2 53.8 ± 10.5 0.004
    Follow-up 59.6 ± 4.5 57.2 ± 6.3 55.9 ± 8.0 0.022
    Delta 2.8 ± 8.0 −2.5 ± 8.0 2.1 ± 8.6 0.003
    P value (baseline vs. 3 months) 0.022 0.031 0.087  
Unipedal stance (operative leg), s     
    Baseline 24 (7, 30+) 16 (5, 30+) 17 (3, 30+) 0.632
    Follow-up 20 (8, 30+) 30+ (11, 30+) 23 (8, 30+) 0.370
    P value (baseline vs. 3 months) 0.623 0.001 0.048 0.102
NRS pain score, 0–10     
    Pain at rest     
     Median (25th, 75th) 0 (0, 2) 1 (0, 2) 1 (0, 2) 0.811
     >3, n (%) 5 (29) 6 (35) 6 (35) 1.00
    Pain with movement     
     Median (25th, 75th) 2 (1, 3) 2 (0, 3) 1.5 (0, 3) 0.302
     >3, n (%) 10 (34) 11 (38) 8 (28) 0.782
Problems since surgery, n (%)     
    Nerve injury 2 (4) 0 (0) 0 (0) 0.096
    Infection 2 (4) 2 (4) 2 (4) 1.00
    Fall requiring medical attention 0 (0) 1 (2) 1 (2) 1.00

*For SF-36 composite scales, n = 46, 51, and 49 for regional, ropivacaine, and liposomal bupivacaine, respectively; for unipedal stance n = 45, 49, and 50; 
for pain and problems since surgery n = 46, 51, and 50. †SF-36 composite scales are summarized using mean ± SD, with within-group comparisons of 
baseline and 3 months performed using the paired Student’s t test and between-group comparisons performed using analysis of variance. Unipedal stance 
data are summarized using median (25th, 75th), with within-group and between-group comparisons performed using proportional hazards regression to 
take into account the censored data with random effects used to accommodate repeated measurements within subjects at baseline and 3 months. Pain 
scores at 3 months are compared across groups using the Kruskal–Wallis test. The percentage of patients with pain greater than 3 and the percentage of 
patients reporting problems since surgery are compared across groups using Fisher exact test.
NRS = numeric rating scale; PAI-L = periarticular injection liposomal bupivacaine; PAI-R = periarticular injection ropivacaine; PNB = peripheral nerve block; 
SF-36 = Medical Outcomes Study 36-Item Short-Form.
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However, based on the CIs presented in table 2, our find-
ings also cannot exclude the possibility that a difference of 2 
could exist between the peripheral nerve block and the two 
periarticular injection groups at other time points.

Our study was unable to demonstrate the superiority of 
a periarticular injection using a liposomal bupivacaine-based 
local anesthetic solution over a ropivacaine-based solution 
for total knee arthroplasty. This finding is consistent with 
other recent studies showing no additional benefit of lipo-
somal bupivacaine use compared to nonliposomal forms 
of local anesthetics in periarticular injection for total knee 
arthroplasty.21 Our results included consistently higher 
NRS pain scores and opioid consumption in the liposomal 
bupivacaine periarticular injection group compared to the 
ropivacaine periarticular injection group throughout hospi-
talization. The need for rescue intravenous analgesia was also 
different across treatment groups, with the results favoring 
the ropivacaine periarticular injection group; a total of 10 
patients in our study required intravenous opioid rescue pain 
medications for relief of severe pain during their stay. Eight 
of these 10 patients who received rescue intravenous analge-
sia were in the periarticular injection liposomal group, while 
zero patients in the ropivacaine group required intravenous 
rescue.

This study was unique in its ability to collect interme-
diate functional outcomes (unipedal stance time, 36-Item 
Short-Form) and chronic pain. Health-related quality of life 
was assessed through the Medical Outcomes Study 36-Item 
Short-Form questionnaire at 3 months, and all groups 
improved from baseline in the physical composite scale. 
Chronic pain was evaluated at 3 months postoperatively, and 
patients were asked to complete the LANSS. One patient 
in the peripheral nerve block group scored positive for the 
LANSS criteria indicative of neuropathic pain; however, this 
finding is inconsistent with the medical record as the patient 
reported a pain score of 2 out of 10 to the surgeon at the 
same time interval and demonstrated a normal physical and 
sensory exam of the operative extremity. Furthermore, two 
patients in the peripheral nerve block group responded in 
the affirmative to nerve injury at 3 months. In both patients, 
the nerve injury was described as bilateral tingling in their 
feet and unlikely related to the study intervention. One 
patient was subsequently diagnosed with spinal stenosis, 
and the other likely suffered from progression of poorly con-
trolled diabetes.

Unipedal stance time threshold of 30 s was collected 
to help identify a patient with a higher risk for falling.34 
There were no statistically significant differences in the bal-
ance measurement between the three groups at 3 months, 
likely reflecting the high baseline balance ability in patients 
across the groups; however, this study was not powered 
to detect a difference. We did observe that patients in the 
periarticular injection groups demonstrated an improve-
ment in unipedal stance times from baseline. It is yet to be 
determined whether unipedal stance time is able to show 

promise as an intermediate functional outcome measure 
or if an alternative measure is more predictive for fall risk 
after total knee arthroplasty. The importance of predict-
ing patients at high risk for falling and the implementa-
tion of additional measures to prevent falls after total knee 
arthroplasty cannot be overstated. Within the study sur-
veillance period (3 months), four falls were observed (two 
inpatient and two out of hospital). The two inpatient falls 
(both in the peripheral nerve block group) resulted in 
an overall in-hospital fall incidence of 1.29% (2 of 155), 
which is consistent with the expected fall rate for hospi-
talized patients undergoing a total knee arthroplasty with 
peripheral nerve blockade (1.62 to 7%) and not outside 
the expected rate for falling after total knee arthroplasty 
with and without the influence of peripheral nerve block-
ade (1.6%).13,35 Unfortunately, both of the patients who 
fell required reoperation (a marker for serious injurious 
falls). Not unlike previous studies on fall risk after total 
knee arthroplasty,36,37 the inpatient falls in the peripheral 
nerve block group occurred during the intermediate phase 
(on or after POD 2) of their recovery and after removal 
of the peripheral nerve catheter. Fall precautions were in 
place and in both instances the patient disregarded nurs-
ing instructions and tried to ambulate without assistance 
or aid. Since the falls in our study occurred after removal of 
femoral nerve block, we continue to emphasize that there 
should be strict adherence to fall-prevention strategies dur-
ing the entire hospitalization and after dismissal regardless 
of regional anesthetic technique. Two additional patients 
fell at home, one in the liposomal bupivacaine periarticu-
lar injection group and one in the ropivacaine periarticular 
injection group, with one fall causing wound dehiscence, 
which did not require reoperation.

As this was a randomized study reflecting current practice 
trends of periarticular injections for total knee arthroplasty 
conducted at a high-volume, large academic orthopedic 
center, this study has several strengths. This study was suffi-
ciently powered to detect not only a difference in the primary 
outcome but also NRS pain scores and opioid consumption 
at other time periods as well.

The anesthesiologists have a primary focus in regional 
anesthesia for orthopedic surgery, and the surgeons all 
have consistent and uniform surgical and periarticular 
injection techniques. We have worked collaboratively 
during the past 14 yr to develop, evaluate, and revise a 
comprehensive multimodal analgesic pathway for patients 
undergoing total knee arthroplasty. This study was under-
taken to help determine the best analgesic pathway for 
these patients.

The main limitation of the current study was an inabil-
ity to mask participants and providers to the comparison 
between peripheral nerve blockade and periarticular injection 
within our multimodal clinical pathway. This unmasking 
may introduce some risk of bias from patients and providers. 
However, masking was possible between the two periarticular 
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injection groups, and outcome assessment by adjudicators 
and all statistical analyses were conducted in a blinded fash-
ion. In addition, although patients were randomized, base-
line group differences were larger than expected (example: the 
ropivacaine group received a higher number of spinal anes-
thetics compared to the liposomal bupivacaine and periph-
eral nerve block groups; P = 0.18); however, our findings 
remained relatively unchanged from post hoc analyses of the 
primary endpoint, which adjusted for these baseline imbal-
ances. Therefore, larger studies may allow for a better balance 
of baseline covariates to confirm these results.

The study design allows for generalizability and real-
world assessment of the perioperative management of total 
knee arthroplasty. One of the biggest advantages of periar-
ticular injections at our institution is the lack of need for 
vascular access in the postoperative period. It is our institu-
tional policy to require intravenous access for patients with 
a peripheral nerve catheter in place in order to have access 
in the case of a need to treat local anesthetic toxicity. In this 
sense, periarticular injections allow for less medical interven-
tion including freedom from continuous infusion pumps or 
invasive tubing that restricts mobility. Furthermore, periar-
ticular injections may be associated with less nerve injury, 
motor weakness, nerve catheter dislodgement, and decreased 
workload.6,8,13,19

In summary, this study demonstrated that a multimodal 
analgesic pathway including periarticular injections with 
ropivacaine for total knee arthroplasty provides periopera-
tive pain control that is comparable on POD 1 and 2 to 
a femoral nerve catheter and single-injection sciatic nerve 
block. We did not establish an advantage of liposomal 
bupivacaine over ropivacaine in periarticular injections for 
total knee arthroplasty. This study does not address the 
challenging, opioid-tolerant patient, nor did we address 
patient request or expectations of total knee arthroplasty 
perioperative pain management (i.e., best analgesia vs. 
avoidance of additional invasive interventions). These are 
all factors that may influence the perioperative pain man-
agement for each individual patient. Our collective knowl-
edge of the ideal analgesic modality might be improved 
by future studies that evaluate different peripheral nerve 
blockade techniques in combination with periarticular 
injections as recent evidence suggests that periarticular 
injections in conjunction with a peripheral nerve block 
provides better pain relief than periarticular injections 
alone.17,31,38

Acknowledgments
The authors acknowledge and thank the Anesthesia Clini-
cal Research Unit, Department of Anesthesiology and Peri-
operative Medicine, at Mayo Clinic, Rochester, Minnesota, 
with a special thank you to Suanne M. Weist, R.N., Laurie 
A. Meade, R.N., Linda S. Weise, R.R.T., Lavonne M. Liedl, 
R.R.T., Amy L. Amsbaugh, R.R.T., Timothy J. Weister, R.N., 
and Gregory A. Wilson, R.R.T., for their participant recruit-
ment, enrollment, and data extraction expertise.

Research Support
Supported by the Department of Anesthesiology and the 
Department of Orthopedics, Mayo Clinic, Rochester, Min-
nesota.

Competing Interests
Dr. Taunton serves as a consultant at DJO Global (Vista, 
California). He receives royalties from DJO Global (Parsip-
pany, New Jersey). Dr. Pagnano serves as a consultant at 
Pacira Pharmaceuticals. He receives the following royalties: 
DePuy intellectual property (IP) royalties, Johnson & John-
son IP royalties, Stryker IP royalties.

Reproducible Science
Full protocol available at: Amundson.Adam@mayo.edu. 
Raw data available at: Amundson.Adam@mayo.edu.

Correspondence
Address correspondence to Dr. Amundson: Depart-

ment of Anesthesiology, Mayo Clinic, 200 First Street SW, 
Rochester, Minnesota 55905. Amundson.Adam@mayo.edu. 
Information on purchasing reprints may be found at www. 
anesthesiology.org or on the masthead page at the begin-
ning of this issue. ANESTHESIOLOGY’s articles are made freely 
accessible to all readers, for personal use only, 6 months 
from the cover date of the issue.

References
 1. Fu PL, Xiao J, Zhu YL, Wu HS, Li XH, Wu YL, Qian QR: 

Efficacy of a multimodal analgesia protocol in total knee 
arthroplasty: A randomized, controlled trial. J Int Med Res 
2010; 38:1404–12

 2. Hebl JR, Dilger JA, Byer DE, Kopp SL, Stevens SR, Pagnano 
MW, Hanssen AD, Horlocker TT: A pre-emptive multimodal 
pathway featuring peripheral nerve block improves periop-
erative outcomes after major orthopedic surgery. Reg Anesth 
Pain Med 2008; 33:510–7

 3. Horlocker TT, Hebl JR, Kinney MA, Cabanela ME: Opioid-free 
analgesia following total knee arthroplasty—A multimodal 
approach using continuous lumbar plexus (psoas compart-
ment) block, acetaminophen, and ketorolac. Reg Anesth Pain 
Med 2002; 27:105–8

 4. Horlocker TT, Kopp SL, Pagnano MW, Hebl JR: Analgesia for 
total hip and knee arthroplasty: A multimodal pathway featuring 
peripheral nerve block. J Am Acad Orthop Surg 2006; 14:126–35

 5. Kelley TC, Adams MJ, Mulliken BD, Dalury DF: Efficacy of 
multimodal perioperative analgesia protocol with periarticu-
lar medication injection in total knee arthroplasty: A random-
ized, double-blinded study. J Arthroplasty 2013; 28:1274–7

 6. Toftdahl K, Nikolajsen L, Haraldsted V, Madsen F, Tønnesen 
EK, Søballe K: Comparison of peri-and intraarticular analge-
sia with femoral nerve block after total knee arthroplasty: A 
randomized clinical trial. Acta Orthopaedica 2007; 78:172–9

 7. Mahadevan D, Walter RP, Minto G, Gale TC, McAllen CJ, Oldman 
M: Combined femoral and sciatic nerve block vs combined 
femoral and periarticular infiltration in total knee arthroplasty: 
A randomized controlled trial. J Arthroplasty 2012; 27:1806–11

 8. Ranawat AS, Renewal CS: Pain management and acceler-
ated rehabilitation for total hip and total knee arthroplasty. J 
Arthroplasty 2007; 22(7 suppl 3):12–5

 9. Auroy Y, Benhamou D, Bargues L, Ecoffey C, Falissard B, 
Mercier FJ, Bouaziz H, Samii K, Mercier F: Major compli-
cations of regional anesthesia in France: The SOS Regional 
Anesthesia Hotline Service. ANESTHESIOLOGY 2002; 97:1274–80

Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

www.anesthesiology.org
www.anesthesiology.org
iAnnotate User
Highlight

iAnnotate User
Underline



Anesthesiology 2017; XXX:00-00 12 Amundson et al.

Nerve Blocks or Joint Shots for Knee Arthroplasty

 10. Sharma S, Iorio R, Specht LM, Davies-Lepie S, Healy WL: 
Complications of femoral nerve block for total knee arthro-
plasty. Clin Orthop Relat Res 2010; 468:135–40

 11. Ng FY, Ng JK, Chiu KY, Yan CH, Chan CW: Multimodal peri-
articular injection vs continuous femoral nerve block after 
total knee arthroplasty: A prospective, crossover, randomized 
clinical trial. J Arthroplasty 2012; 27:1234–8

 12. Kim DH, Lin Y, Goytizolo EA, Kahn RL, Maalouf DB, Manohar 
A, Patt ML, Goon AK, Lee YY, Ma Y, Yadeau JT: Adductor canal 
block versus femoral nerve block for total knee arthroplasty: 
A prospective, randomized, controlled trial. ANESTHESIOLOGY 
2014; 120:540–50

 13. Ilfeld BM, Duke KB, Donohue MC: The association between 
lower extremity continuous peripheral nerve blocks and 
patient falls after knee and hip arthroplasty. Anesth Analg 
2010; 111:1552–4

 14. Sharma S, Iorio R, Specht LM, Davies-Lepie S, Healy WL: 
Complications of femoral nerve block for total knee arthro-
plasty. Clin Orthop Relat Res 2010; 468:135–40

 15. Wasserstein D, Farlinger C, Brull R, Mahomed N, Gandhi R: 
Advanced age, obesity and continuous femoral nerve block-
ade are independent risk factors for inpatient falls after pri-
mary total knee arthroplasty. J Arthroplasty 2013; 28:1121–4

 16. Jæger P, Zaric D, Fomsgaard JS, Hilsted KL, Bjerregaard J, 
Gyrn J, Mathiesen O, Larsen TK, Dahl JB: Adductor canal 
block versus femoral nerve block for analgesia after total 
knee arthroplasty: A randomized, double-blind study. Reg 
Anesth Pain Med 2013; 38:526–32

 17. Andersen HL, Gyrn J, Møller L, Christensen B, Zaric D: 
Continuous saphenous nerve block as supplement to single-
dose local infiltration analgesia for postoperative pain man-
agement after total knee arthroplasty. Reg Anesth Pain Med 
2013; 38:106–11

 18. Sinha SK, Abrams JH, Arumugam S, D’Alessio J, Freitas DG, 
Barnett JT, Weller RS: Femoral nerve block with selective 
tibial nerve block provides effective analgesia without foot 
drop after total knee arthroplasty: A prospective, random-
ized, observer-blinded study. Anesth Analg 2012; 115:202–6

 19. Spangehl MJ, Clarke HD, Hentz JG, Misra L, Blocher JL, 
Seamans DP: The Chitranjan Ranawat Award: Periarticular 
injections and femoral & sciatic blocks provide similar pain 
relief after TKA: A randomized clinical trial. Clin Orthop 
Relat Res 2015; 473:45–53

 20. Barrington JW, Olugbode O, Lovald S, Ong K, Watson H, 
Emerson RH Jr: Liposomal bupivacaine: A comparative study 
of more than 1000 total joint arthroplasty cases. Orthop Clin 
North Am 2015; 46:469–77

 21. Schroer WC, Diesfeld PG, LeMarr AR, Morton DJ, Reedy ME: 
Does extended-release liposomal bupivacaine better control 
pain than bupivacaine after total knee arthroplasty (TKA)? 
A prospective, randomized clinical trial. J Arthroplasty 2015; 
30(9 suppl):64–7

 22. Bramlett K, Onel E, Viscusi ER, Jones K: A randomized, 
 double-blind, dose-ranging study comparing wound infil-
tration of DepoFoam bupivacaine, an extended-release 
liposomal bupivacaine, to bupivacaine HCl for postsurgical 
analgesia in total knee arthroplasty. Knee 2012; 19:530–6

 23. Moher D, Schulz KF, Altman DG; CONSORT Group 
(Consolidated Standards of Reporting Trials): The CONSORT 
statement: Revised recommendations for improving the 

quality of reports of parallel-group randomized trials. J Am 
Podiatr Med Assoc 2001; 91:437–42

 24. Schulz KF, Altman DG, Moher D; CONSORT Group: 
CONSORT 2010 statement: Updated guidelines for report-
ing parallel group randomized trials. Ann Intern Med 2010; 
152:726–32

 25. di Benedetto P, Bertini L, Casati A, Borghi B, Albertin A, 
Fanelli G: A new posterior approach to the sciatic nerve 
block: A prospective, randomized comparison with the clas-
sic posterior approach. Anesth Analg 2001; 93:1040–4

 26. Quinn M, Deakin AH, McDonald DA, Cunningham IK, Payne 
AP, Picard F: An anatomic study of local infiltration analgesia 
in total knee arthroplasty. Knee 2013; 20:319–23

 27. Busch CA, Shore BJ, Bhandari R, Ganapathy S, MacDonald SJ, 
Bourne RB, Rorabeck CH, McCalden RW: Efficacy of periar-
ticular multimodal drug injection in total knee arthroplasty: 
A randomized trial. J Bone Joint Surg Am 2006; 88:959–63

 28. Franchignoni F, Tesio L, Martino MT, Ricupero C: Reliability 
of four simple, quantitative tests of balance and mobility in 
healthy elderly females. Aging (Milano) 1998; 10:26–31

 29. McHorney CA, Ware JE Jr, Lu JF, Sherbourne CD: The MOS 
36-item Short-Form Health Survey (SF-36): III. Tests of data 
quality, scaling assumptions, and reliability across diverse 
patient groups. Med Care 1994; 32:40–66

 30. Bennett M: The LANSS Pain Scale: The Leeds assessment of 
neuropathic symptoms and signs. Pain 2001; 92:147–57

 31. Perlas A, Kirkham KR, Billing R, Tse C, Brull R, Gandhi R, 
Chan VW: The impact of analgesic modality on early ambula-
tion following total knee arthroplasty. Reg Anesth Pain Med 
2013; 38:334–9

 32. Fergusson D, Aaron SD, Guyatt G, Hébert P: Post-
randomisation exclusions: The intention to treat principle 
and excluding patients from analysis. BMJ 2002; 325:652–4

 33. Cook P, Stevens J, Gaudron C: Comparing the effects of femo-
ral nerve block versus femoral and sciatic nerve block on 
pain and opiate consumption after total knee arthroplasty. J 
Arthroplasty 2003; 18:583–6

 34. Hurvitz EA, Richardson JK, Werner RA, Ruhl AM, Dixon MR: 
Unipedal stance testing as an indicator of fall risk among 
older outpatients. Arch Phys Med Rehabil 2000; 81:587–91

 35. Memtsoudis SG, Danninger T, Rasul R, Poeran J, Gerner P, 
Stundner O, Mariano ER, Mazumdar M: Inpatient falls after 
total knee arthroplasty: The role of anesthesia type and 
peripheral nerve blocks. ANESTHESIOLOGY 2014; 120:551–63

 36. Johnson RL, Duncan CM, Ahn KS, Schroeder DR, Horlocker 
TT, Kopp SL: Fall-prevention strategies and patient charac-
teristics that impact fall rates after total knee arthroplasty. 
Anesth Analg 2014; 119:1113–8

 37. Johnson RL, Kopp SL, Hebl JR, Erwin PJ, Mantilla CB: Falls 
and major orthopaedic surgery with peripheral nerve block-
ade: A systematic review and meta-analysis. Br J Anaesth 
2013; 110:518–28

 38. Sawhney M, Mehdian H, Kashin B, Ip G, Bent M, Choy J, 
McPherson M, Bowry R: Pain after unilateral total knee 
arthroplasty: A prospective randomized controlled trial 
examining the analgesic effectiveness of a combined adduc-
tor canal peripheral nerve block with periarticular infiltration 
versus adductor canal nerve block alone versus periarticular 
infiltration alone. Anesth Analg 2016; 122:2040–6

Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


